Introduction
There are abundant data that fat mass is negatively regulated by androgens in men. Hypogonadal men with low serum testosterone levels have increased visceral obesity compared to men with normal serum testosterone (Bhasin et al. 1997 , Hamilton et al. 2011 . Conversely, testosterone treatment decreases fat mass, not only in hypogonadal men (Wang et al. 2000) , Studying the in vivo actions of androgens is complex as testosterone can be aromatised to oestradiol or metabolised to dihydrotestosterone (DHT). Genetically modified animals have proven to be excellent model systems to dissect the contribution of androgens in the regulation of bone and body composition with many aspects of the regulation of these tissues being shared between mice and humans. We, and others, have shown in mice that the actions of testosterone to decrease fat mass are mediated via the androgen receptor (AR). An in-frame deletion of exon 3 of the AR in our Global-ARKO mice (AR ΔZF2 ) abolishes the DNA-binding-dependent actions of the AR, whilst the non-DNA-binding-dependent actions remain functional (Notini et al. 2005 . These Global-ARKO mice exhibit a phenotype that mimics the three key clinical aspects of hypogonadism in human males, that is increased fat mass, as well as decreased bone and muscle mass (MacLean et al. 2008 , Rana et al. 2011 . The increased visceral and subcutaneous fat pad mass in Global-ARKOs is characterised by an increase in the number of large adipocytes, as well as increased serum leptin and adiponectin levels and decreased voluntary activity in the absence of insulin resistance (Rana et al. 2011) . Similar observations of increased fat mass have been reported in two other complete AR-null mouse models with the exception that these male AR-null mice develop late-onset obesity characterised by hyperinsulinaemia, hyperglycaemia and hyperleptinaemia (Lin et al. 2005) or increased serum adiponectin and altered energy balance in the absence of any changes in insulin sensitivity (Fan et al. 2005) . It is possible that the differences in the metabolic phenotype between the different mouse models is due to the influence of genetic background (Davey & MacLean 2006) as these AR-null models were on a mixed genetic background (Fan et al. 2005 , Lin et al. 2005 or may also reflect a physiological role of the non-genomic actions of the AR in fat metabolism, which are retained in our Global-ARKO mice . More recently, it has been shown in a different AR-null mouse model, that absence of the AR confers an increased susceptibility to high fat feeding-induced adiposity and glucose tolerance (Dubois et al. 2016) . Together, these data support an important action of androgens via the AR to regulate fat mass accumulation.
Further insight into the role of androgens via the AR in regulating fat mass accumulation and metabolism has been provided by mouse models in which the AR has been deleted specifically in adipocytes (Yu et al. 2008 , McInnes et al. 2012 . In contrast to the Global-and null-AR mouse models, male adipocyte-ARKO mice do not exhibit increased fat mass and do not develop late-onset obesity. However, deletion of the AR in adipocytes in male mice using AP2-Cre mice has been reported to lead to increased serum leptin (Yu et al. 2008) , whilst in other adipocyte-ARKO mouse models generated using either AP2-Cre or adiponectin-Cre mice, results in an initial phenotype of hyperinsulinaemia, followed by insulin deficiency a year later (McInnes et al. 2012) . Together, these data suggest a possible role for AR signalling in adipose tissue to regulate leptin expression and insulin action independent of adiposity. Importantly, the absence of increased fat mass in the different adipocyte-ARKO mouse models suggests that the major target of androgen action to regulate subcutaneous and visceral fat accumulation is mediated via the AR in another target tissue.
Evidence exists showing that fat, bone and muscle engage in cross-talk both systemically and within their local microenvironment (Ilich et al. 2014 ). This includes (1) endocrine regulation via the secretion of regulatory factors from bone, fat and muscle (i.e. osteokines, adipokines and myokines respectively) into the systemic circulation and (2) regulation of the commitment of mesenchymal progenitor cells (PCs) into the osteoblastogenic, adipogenic or myogenic lineage. The first osteokine identified to regulate energy metabolism was osteocalcin, a bone-specific glycoprotein synthesised by mineralising osteoblasts within bone. Following its release into the circulation, target tissues of osteocalcin include the pancreas, liver, white adipose tissue (WAT), brown adipose tissue (BAT) and muscle, where it regulates glucose and energy homeostasis by acting on beta cell proliferation, insulin production, insulin sensitivity and energy expenditure (Lee & Karsenty 2008) . Given the complex and interconnected nature of bone and energy metabolism, it is highly conceivable that there are other, yet unidentified feedback pathways in bone tissue that regulate energy metabolism that are also influenced by hormones, such as testosterone.
In the development of obesity, the increase in fat mass is due to an increase in the number of large adipocytes (Jo et al. 2009 ). This occurs via recruitment of pre-adipocytes from subpopulations of cells resident within mature WAT (Rodeheffer et al. 2008) . There is also evidence to suggest that pre-adipocytes can be recruited from the bone marrow (Crossno et al. 2006) . Data obtained from in vitro experiments show that testosterone can inhibit the differentiation of human and mouse bone marrow mesenchymal PCs into adipocytes via an AR-dependent pathway (Gupta et al. 2008 , Huang et al. 2013 and is able to prevent rosiglitazone-induced adipogenesis whilst promoting osteogenesis in human bone marrow PCs (Benvenuti et al. 2012) . Whether the actions of testosterone to negatively regulate fat accumulation are mediated via the AR in bone marrow PCs to divert their differentiation away from adipocytes remains an area of debate as the migration of mesenchymal PCs from the bone marrow into peripheral tissues, such as fat, is extremely low (Tomiyama et al. 2008) . In fact, the bone marrow-derived adipocytes found in fat tissue are most likely from haematopoietic rather than mesenchymal origin (Majka et al. 2010) .
Therefore, in order to determine whether androgens can act in mesenchymal PCs residing in the bone marrow to influence fat deposition and metabolism in male mice in vivo, we generated a genetically modified mouse model in which the AR gene is replaced specifically in bone marrow mesenchymal PCs of Global-ARKO mice (PC-AR Gene Replacements) (Russell et al. 2015) . These mesenchymal PCs are pluripotent and can differentiate into osteoprogenitors, osteoblast and osteocytes as well as adipocytes, chondrocytes and myoblasts. The strength of this unique PC-AR Gene Replacement model is the selective targeting of androgen signalling via expression of the AR specifically in PCs residing in the bone marrow with the AR remaining deleted in all other tissues. As such, this PC-AR Gene Replacement model is a powerful tool that has allowed us to identify and define the specific actions of the AR in bone marrow PCs that mediate fat mass accumulation and influence body composition without the influence of AR action in other tissues.
Materials and methods

Generation of bone marrow progenitor cell-AR Gene Replacement mice
The generation of the AR ΔZF2 (Global-ARKO) mice used in this study has been described previously (Notini et al. 2005 . PC-AR Gene Replacement and mOBL-AR Gene Replacement male mice where the AR was replaced only in (a) PCs residing in the bone marrow and osteoprogenitors or in (b) mature osteoblasts of Global-ARKOs respectively, were generated by breeding heterozygous female Global-ARKO mice with (a) heterozygous male Col3.6AR-tg mice (Wiren et al. 2008 , Semirale et al. 2011 heterozygous Col2.3AR-tg mice (Wiren et al. 2008) . A unique feature of the PC-AR and mOBL-AR Gene Replacement mice is that as they inherit the X chromosome (on which the mutant AR is located) from their Global-ARKO mother, they do not express endogenous AR in any tissue. All mice used in the study were on a congenic C57BL6/J background. Wild-type (WT) and Global-ARKO littermate controls were included in all analyses (n = 8-15 per group). The PCR protocols used for genotyping the WT, Global-ARKO, PC-AR and mOBL-AR Gene Replacement mice have been described previously (Russell et al. 2015) .
Animal husbandry and housing
Mice were housed in a specified pathogen-free (SPF) facility and supplied with sterile autoclaved water and standard irradiated mouse chow containing 1.2% calcium, 0.96% phosphorous, 9% fat and 22% protein (Ridley Agriproducts, Corowa, NSW, Australia) ad libitum and were housed at 22°C in a 12-h light/darkness cycle. All procedures were approved by the Austin Health Animal Ethics Committee (A2014/05188).
Tissue collection and serum analysis
PC-AR Gene Replacement mice were studied at 6 and 12 weeks of age and mOBL-AR Gene Replacement mice were studied at 12 weeks of age. Mice were anaesthetized by intraperitoneal injection of 110 mg/kg ketamine and 10 mg/kg xylazine, blood collected via cardiac puncture followed by cervical dislocation and tissues were collected.
Metabolic analyses
Food intake and voluntary physical activity were measured at 12 weeks of age and fasting energy expenditure was measured at 6 and 12 weeks of age as previously described (Cui et al. 2015 , Fam et al. 2015 . Briefly, food intake was determined in mice that were housed separately by weighing food each morning over a seven-day period and daily food intake averaged over the seven days. Voluntary activity was measured by monitoring the use of running wheels with a computerised metre (Fam et al. 2015 ) and fasting energy expenditure was determined by measuring the body weight of the mice prior to and following an overnight fast of 16 h and calculated as the change in body weight (Cui et al. 2015) .
Biochemical analyses
Serum adiponectin, insulin and leptin were determined by ELISA (R&D Systems; Alpco, Salem, NH, USA and Millipore respectively). All ELISAs were performed according to the manufacturer's instructions using the online data analysis tool MyAssays Ltd. (http://www.myassays.com; 5th December 2014, East Sussex, UK). Serum glucose was analysed using the GM7 MicroStat (Analox instruments, Stourbridge, UK). Serum levels of non-esterified fatty acid (NEFA), triglycerides and glycerol were measured using commercially available assays (Wako; Sigma-Aldrich).
Adipocyte histology
Subcutaneous WAT, retroperitoneal VAT depots and left femora were fixed in 4% paraformaldehyde in PBS, with the femora undergoing decalcification in 15% EDTA in 0.5% paraformaldehyde/PBS, pH 8.0 for 6 days. Tissues were embedded in paraffin and 5 µm cross-sections and midsagittal sections cut for fat tissue and femora respectively. For WAT and VAT depots, four fields were randomly selected from each section at ×200 magnification for each animal, representing >300 adipocytes for WT controls. For femora, a region representing the mid-femur commencing 2 mm distal of the growth plate and extending 4 mm distally was analysed at ×100 magnification. The number, density and cross-sectional area of adipocytes were analysed using the Osteomeasure system (Osteometrics, Atlanta, GA, USA). All analyses were performed in a blinded fashion.
Quantitative real-time PCR (Q-PCR)
RNA was extracted from one entire fat pad collected from each subcutaneous WAT, retroperitoneal VAT and BAT depot for each mouse and in whole bone RNA samples of WT, Global-ARKO and PC-AR Gene Replacements (n = 10-13 per group), and cDNA synthesis was performed as described previously (Russell et al. 2015) . For quantifying absolute endogenous and transgene AR mRNA expression in the fat depots, 4 samples/genotype were run against a standard curve consisting of 8 data points ranging from 0 to 500 ng performed in duplicate using an Applied Biosystems TaqMan gene expression assay for exon 3 of the AR (Supplementary Table 1 , see section on supplementary data given at the end of this article) and an Applied Biosystems 7500 Real-Time PCR System. Relative expression of the mRNA levels of all other genes of interest in fat depots and whole bone were determined by Q-PCR using Applied Biosystems TaqMan gene expression assays (Supplementary Table 1) as described (Russell et al. 2012) . Relative expression was calculated using the ΔΔCT method with values for the gene of interest normalised to Hmbs in bone, which is stably expressed in both osteoclasts and osteoblasts (Stephens et al. 2011) and Eef2 in fat, which is constantly expressed in adipose tissue and unaffected by gonadectomy in mice, (Kouadjo et al. 2007) and expressed relative to a reference sample.
Euglycaemic/hyperinsulinaemic clamp studies
Hyperinsulinaemic-euglycaemic clamps were performed in 4-h-fasted mice as previously described (Lamont et al. 2006 ). In the current study, an initial 2-min-priming dose of insulin (150 mU/kg/min) was followed by constant infusion at a rate of 15 mU/kg/min. Euglycaemia was maintained by variable infusion of 12.5% glucose solution in 0.9% saline. Glucose turnover was calculated using Steele's steady state equation and glucose uptake into individual tissues determined (Lamont et al. 2006) .
Statistical analyses
Statistically significant differences between PC-AR Gene Replacements or mOBL-AR Gene Replacements and littermate controls (WT and Global-ARKOs) were identified by one-way ANOVA with specific differences identified by Tukey's or Tamhane's post hoc tests for equal and unequal variance respectively as indicated by Levene's test of homogeneity. Since changes in body weight can indirectly account for changes in fat mass, analysis of covariance (ANCOVA) was used to determine the influence of genotype on the weight of specific fat depots after controlling for body weight. All data were analysed with SPSS for MacOSX. A two-tailed P value of <0.05 was considered significant. Data are presented as mean ± standard error of the mean (s.e.).
Results
Ar gene expression in PC-AR Gene Replacement males
To investigate whether androgen signalling via the AR in bone marrow mesenchymal PCs can influence fat deposition in male mice in vivo, we replaced the Ar gene specifically in bone marrow mesenchymal PCs of Global-ARKO mice. We have previously reported that the level of Ar transgene expression in whole bone, including bone marrow PCs of PC-AR Gene Replacement mice is at the same level observed in WT, and endogenous Ar gene expression is undetectable in Global-ARKO and PC-AR Gene Replacement mice (Russell et al. 2015) . Importantly, Ar gene expression is undetectable in inguinal subcutaneous WAT, intra-abdominal retroperitoneal VAT and BAT depots of PC-AR Gene Replacements (Fig. 1) . We have previously reported, whilst not statistically significant, the mean values of serum testosterone in PC-AR Gene Replacements and Global-ARKOs are lower than WT (Russell et al. 2015) , consistent with our previous report in male Global-ARKOs (Notini et al. 2005) .
Subcutaneous WAT and retroperitoneal VAT mass in PC-AR Gene Replacement males
We have previously shown that Global-ARKO males have increased subcutaneous WAT and retroperitoneal VAT mass (Rana et al. 2011) . We now show that replacement of Ar gene expression in bone marrow PCs of Global-ARKO mice completely attenuated their increased fat mass, resetting subcutaneous WAT and retroperitoneal VAT depots of PC-AR Gene Replacement mice to 52% and 83% lower than the normal levels observed in WT littermates respectively, by 12 weeks of age (P < 0.001) ( Fig. 2A and  B) . Not surprisingly, the marked decrease in fat mass in PC-AR Gene Replacement mice resulted in a decrease in body weight compared to both WT and Global-ARKO controls (Table 1) . Importantly, ANCOVA analysis showed that the decrease in fat mass in PC-AR Gene Replacements remained statistically significant after correction for body weight with genotype accounting for 70% (P < 0.001) and 55% (P < 0.001) of the effects observed on subcutaneous WAT and retroperitoneal VAT respectively, at 12 weeks of age. The reduction in WAT and VAT fat mass in the PC-AR Gene Replacement mice occurred in the absence of any change in food consumption, energy expenditure or voluntary activity compared to Global-ARKO controls (Table 1) . Since the AR in the PC-AR Gene Replacements has been replaced in bone marrow PCs, the AR will also be replaced in the differentiated descendants of these PCs including mature osteoblasts, mineralising osteoblasts and osteocytes. Therefore, in order to determine whether this action of androgens via the AR to decrease subcutaneous WAT and retroperitoneal VAT accumulation was attributed to an action in bone marrow PCs and osteoprogenitors as opposed to a more mature population of osteoblasts and osteocytes, we assessed the fat depots in Global-ARKO mice in which the AR was specifically replaced from the mature stage of osteoblast development (mOBL-AR Gene Replacements). Subcutaneous WAT and retroperitoneal VAT mass of mOBL-AR Gene Replacement mice did not differ from WT controls at 12 weeks of age (Supplementary Table 2 ), indicating that the action of the AR in the PC-AR Gene Replacement mice to decrease WAT, and VAT accumulation is mediated at an earlier stage of osteoblast development, in bone marrow mesenchymal PCs and osteoprogenitors. As such, we focussed our studies to characterise the metabolic phenotype of the PC-AR Gene Replacement mice.
Adipocyte histology and serum biochemistry of PC-AR Gene Replacement males
The marked decrease in subcutaneous WAT and retroperitoneal VAT mass in PC-AR Gene Replacement males was associated with a shift in the distribution of adipocyte cross-sectional area with an increase in the number of small adipocytes compared to WT and GlobalARKOs ( Fig. 2C and D) . Consistent with our previous observations (Rana et al. 2011) , Global-ARKOs had elevated serum levels of leptin (P < 0.05) and adiponectin (P < 0.001) compared to WT controls at 12 weeks of age ( Fig. 2E and  F) . Replacement of the AR in bone marrow PCs of Global-ARKO mice restored serum leptin levels to WT control levels whilst serum adiponectin remained elevated in PC-AR Gene Replacement mice (P < 0.001) (Fig. 2E and F) . Fasting serum NEFA levels were unaffected in Global-ARKOs but were increased in PC-AR Gene Replacements compared to both WT and Global-ARKO controls (P < 0.05) ( Table 2) . Fasting serum glycerol levels were increased in Global-ARKOs and although the mean value was also higher in PC-AR Gene Replacements compared to WT controls, this was not statistically significant (Table 2 ). In contrast, the fasting serum levels of total triglycerides were unaffected in Global-ARKO and PC-AR Gene Replacement males (Table 2 ). 
BAT and hind-limb muscle mass of PC-AR Gene Replacement males
BAT mass was decreased in PC-AR Gene Replacements compared to WT and Global-ARKO littermates at 12 weeks of age (Table 1) ; however, ANCOVA analysis indicated that this decrease in BAT mass was a function of their lower body weight and not due to their genotype. Similarly, the expression of genes known to be important in BAT metabolism, namely Pparα (peroxisome proliferatoractivated receptor alpha), Pparγ (peroxisome proliferatoractivated receptor gamma), Ucp1 (uncoupling factor 1) and Adr3b (adrenoreceptor beta 3) were unaffected in BAT of Global-ARKOs and PC-AR Gene Replacements (Supplementary Table 3 ). Consistent with our previous observations in Global-ARKO males (MacLean et al. 2008) , the mass of the hind-limb muscles, gastrocnemius (Gast), extensor digitorum longus (EDL) and soleus (Sol), were decreased compared to WT (Table 1) . Gast, EDL and Sol mass were further decreased in the PC-AR Gene Replacements compared to Global-ARKOs at 12 weeks of age (Table 1) ; however, only the mass of the Gast remained statistically significant following correction for body weight by ANCOVA with genotype accounting for 29% of the effect on Gast mass (P < 0.01).
Gene expression in WAT and VAT of PC-AR Gene Replacement males
To further characterise adipocyte homeostasis in the subcutaneous WAT and retroperitoneal VAT depots of the PC-AR Gene Replacements, we determined the expression levels of a number of genes that are known to be important in adipogenesis, lipogenesis, lipolysis, fatty acid metabolism, inflammation and energy balance and regulation. In retroperitoneal VAT, the expression of the PPARα, Scd1 (stearoyl-coenzyme A desaturase 1), Cepbα, Acaca (acetyl-coenzyme A carboxylase alpha), Pnpla (patatin like phospholipase domain containing 2) and Glut 4 (solute carrier family 2 (facilitated glucose transporter), member 4) genes were upregulated in PC-AR Figure 2 (A) Subcutaneous WAT and (B) retroperitoneal VAT mass in wild-type (WT), Global-ARKO and PC-AR Gene Replacement males at 6 and 12 weeks of age. Adipocyte cross-sectional area distribution in (C) subcutaneous and (D) peri-renal visceral fat at 12 weeks of age. Panels above graphs are representative images of adipocytes in WT, Global-ARKO and PC-AR Gene Replacements at 12 weeks of age, haematoxylin and eosin stain (×20). Serum (E) adiponectin and (F) leptin in WT, Global-ARKO and PC-AR Gene Replacements at 12 weeks of age. Values are mean + s.e.; for fat mass: n = 7-12/group for 6 weeks; n = 11-18/group for 12 weeks; for adipocyte analyses: n = 4-6/group, 4 fields counted per section (>300 adipocytes for WT); for serum analyses: n=10-14/group. *P < 0.05, **P < 0.01, ***P < 0.001 vs WT, + P = 0.05, # P < 0.05, ## P < 0.01, ### P < 0.001 vs Global-ARKO within age group.
Gene Replacement males compared to WT (P < 0.05, except for Cepbα P < 0.01) and Global-ARKO (P < 0.05, except for Cepbα P < 0.01) controls at 12 weeks of age (Fig. 3A , B, C, D, E and F). The expression of PPARα was also upregulated in subcutaneous WAT of PC-AR Gene Replacements compared to WT controls (P = 0.05) (Supplementary Table 3 ). Ucp1 gene expression was upregulated in subcutaneous WAT of Global-ARKOs and PC-AR Gene Replacements compared to WT controls (P < 0.05); however, there was no difference in Ucp1 gene expression between Global-ARKOs and PC-AR Gene Replacements (Supplementary Table 3 ).
Whole-body insulin sensitivity and glucose metabolism of PC-AR Gene Replacement males
To determine the effect of the marked decrease in subcutaneous WAT and retroperitoneal VAT mass in the PC-AR Gene Replacements on their metabolic profile, the euglycaemic/hyperinsulinaemic clamp technique was performed. There was no difference in plasma glucose or insulin between the WT, Global-ARKO or PC-AR Gene Replacements in either in the basal or insulin-stimulated state (Supplementary Table 4 ). Steady state was reached at 90, 100 and 110 min following commencement of the euglycaemic/hyperinsulinaemic clamp as evidenced by a constant specific activity (dpm/µmol) across the three genotypes (data not shown). PC-AR Gene Replacement mice had an increased rate of glucose disappearance compared to WT (P < 0.05) (Fig. 4A) . The calculated endogenous glucose production did not differ between the PC-AR Gene Replacement, WT and Global-ARKOs (Supplementary Table 4 ). Tissue-specific glucose uptake analyses indicate that the predominant site of glucose uptake in the PC-AR Gene Replacement mice is subcutaneous WAT (P < 0.01) and retroperitoneal VAT (P < 0.05) (Fig. 4B and C) . Glucose uptake was unaltered in BAT (Fig. 4D) or the hind-limb muscles, including the Gast, EDL and Sol (data not shown).
Bone marrow adiposity of PC-AR Gene Replacement males
Bone marrow adiposity was increased in Global-ARKOs as evidenced by an increase in adipocyte cross-sectional area within the bone marrow cavity of the femur compared to WT controls (P < 0.05), which was restored to WT levels in PC-AR Gene Replacements (Fig. 5A) . Consistent with the increased bone marrow adiposity in the GlobalARKOs was a decrease in the expression of the osteogenic Table 1 Body weight, BAT mass, energy balance and hind-limb muscle mass in male WT, Global-ARKO and PC-AR Gene Replacement mice at 6 and 12 weeks of age. Values are mean ± s.e., -not measured, n = 7-12/group for 6 weeks, n = 11-22/group for 12 weeks, *P < 0.05, **P < 0.005 vs WT, # P < 0.05, ## P < 0.001 vs Global-ARKO for same age group, a denotes not significant following correction for body weight by ANCOVA. Journal of Endocrinology transcription factor, Runx2, which was also normalised to WT levels in the PC-AR Gene Replacement mice (Fig. 5B) .
Osteokine gene expression
The expression of the osteokine genes known to regulate fat metabolism, namely osteocalcin (Bgp) and osteoprotegerin (Opg) did not differ in whole bone including bone marrow of PC-AR Gene Replacement males compared to Global-ARKO controls at 12 weeks of age (Supplementary Table 5 ).
Discussion
There is substantial evidence from studies in both humans and rodents indicating that androgens negatively regulate fat mass; yet, the mechanisms are not fully understood. Data from our own group and others using Global-ARKO mouse models have clearly shown that the action of androgens to negatively regulate fat mass in males is mediated, at least in part, via the AR (Fan et al. 2005 , Lin et al. 2005 , Rana et al. 2011 . The absence of increased adiposity in the adipocyte-specific ARKO mouse models, however, suggest that the major target of androgen action to negatively regulate fat accumulation is mediated via the AR in another target tissue (Yu et al. 2008 , McInnes et al. 2012 . We now provide evidence for an important action of androgens via the AR in bone marrow mesenchymal PCs to negatively regulate subcutaneous WAT and retroperitoneal VAT accumulation and to improve metabolism in male mice. We achieved this by generating a unique mouse model in which the AR is specifically replaced in the bone marrow mesenchymal PCs of Global-ARKO mice. We confirmed AR transgene expression in whole bone and bone marrow of PC-AR Values are mean ± s.e., n = 5-17/group, *P < 0.05 vs WT. Figure 3 mRNA levels of genes expressed in retroperitoneal VAT of wild-type (WT), Global-ARKO and PC-AR Gene Replacement males at 12 weeks of age.
(A) peroxisome proliferator-activated receptor alpha (Pparα), (B) cyclic AMP responsive element-binding protein 1 (Cebpα) (C) acetyl-coenzyme A carboxylase alpha (Acaca), (D) patatin like phospholipase domain containing 2 (Pnpla2), (E) stearoyl-coenzyme A desaturase 1 (Scd1) and (F) solute carrier family 2 (facilitated glucose transporter) member 4 (Glut4). Values are mean + s.e., n = 6-9/group. *P < 0.05, **P < 0.001 vs WT, # P < 0.05, ## P < 0.01 vs Global-ARKO.
Gene Replacement mice to the same level observed for endogenous AR expression in WT, whilst as expected, endogenous AR gene expression was undetectable in Global-ARKO and PC-AR Gene Replacement mice. It should be noted however, that since mesenchymal PCs represent only 0.1% of the population of cells within bone marrow, it is difficult to precisely determine the level of transgene AR mRNA in these cells. It is therefore conceivable that the level of transgene AR mRNA may be overexpressed in bone marrow PCs of PC-AR Gene Replacements compared to endogenous AR in WT bone marrow PCs. Importantly, AR transgene expression was absent in subcutaneous WAT, retroperitoneal VAT and BAT fat pads of PC-AR Gene Replacements. The strength of this unique PC-AR Gene Replacement model is the selective targeting of androgen signalling via expression of the AR specifically in PCs residing in the bone marrow with the AR remaining deleted in all other tissues. Further, a novel aspect of our PC-AR Gene Replacement model is the ability to evaluate the consequences of changes in body composition in vivo that are not mediated by hormone administration, providing an excellent means by which to study obesity-related pathologies.
We have previously shown that global deletion of the AR in Global-ARKO mice results in increased subcutaneous WAT and retroperitoneal VAT mass (Rana et al. 2011) . We now show that replacement of the AR in bone marrow PCs of Global-ARKO mice in PC-AR Gene Replacements completely attenuates their increased fat mass with subcutaneous WAT and retroperitoneal VAT depots resetting to below the normal levels seen in WT littermates by 12 weeks of age. This action of androgens via the AR to decrease fat mass can be attributed to an action on bone marrow mesenchymal PCs, including osteoprogenitors, as replacement of the AR at a later stage of osteoblast development in mature osteoblasts (mOBL-AR Gene Replacements) had no effect on subcutaneous WAT or retroperitoneal VAT mass. Unexpectedly, the marked decrease in fat mass of the PC-AR Gene Replacements occurred in the absence of any obvious changes in food consumption, energy expenditure or voluntary activity compared to Global-ARKO controls. Additional, more precise analyses of energy balance such as measurement of resting energy expenditure by calorimetry and energy absorption in the faeces are therefore warranted.
The increased fat mass in the absence of the AR in Global-ARKO males is associated with an increase in the number of large adipocytes, hyperleptinaemia and hyper adiponectinaemia whilst insulin resistance is unaffected (Rana et al. 2011) . Replacement of the AR in bone marrow PCs of Global-ARKOs resulted in an increase in the number of smaller adipocytes and a decrease in the Figure 4 Euglycaemic/hyperinsulinaemic clamp studies in wild-type (WT), Global-ARKO and PC-AR Gene Replacement males at 12 weeks of age. (A) rate of glucose disappearance. Glucose uptake (Rg') into (B) subcutaneous WAT, (C) retroperitoneal VAT and (D) BAT under insulin-stimulated conditions. Values are mean + s.e., n = 4-6/group. *P < 0.05, **P < 0.001 vs WT, # P < 0.05, ## P < 0.001 vs Global-ARKO within age group. number of large adipocytes in PC-AR Gene Replacements compared to both WT and Global-ARKOs, consistent with increased adipocyte hyperplasia and decreased adipocyte hypertrophy. The increase in adipocyte hyperplasia in PC-AR Gene Replacements was accompanied by an increase in the expression of one of the key transcription factors involved in adipogenesis, Cebpα, in retroperitoneal VAT. It has previously been shown in rodents that relative to large adipocytes, smaller adipocytes have higher rates of glucose oxidation in the presence of insulin (Olefsky 1976) , suggesting that the smaller adipocytes in the PC-AR Gene Replacements may be more metabolically active. Consistent with notion, in the retroperitoneal VAT of PC-AR Gene Replacements, we observed increases in the expression of genes involved in fatty acid metabolism (Pparα and Scd1), lipogenesis (Acaca) and lipolysis (Pnpla2) as well as increased serum levels of NEFA, which in the fasting state, arise almost entirely from hydrolysis of triacylglycerol within the adipocyte (Karpe et al. 2011) . In line with their apparent healthier metabolic profile and lean phenotype, PC-AR Gene Replacements had normal serum levels of leptin, whilst serum levels of adiponectin remained elevated (Silha et al. 2003) . Euglycaemic/ hyperinsulinaemic clamp analyses revealed that PC-AR Gene Replacement mice had a higher rate of glucose disappearance compared to WT, indicating an increase in whole-body insulin sensitivity with increased glucose uptake into subcutaneous WAT and retroperitoneal VAT depots, whilst glucose uptake was not altered in BAT or the hind-limb muscles of PC-AR Gene Replacements. Consistent with the increased glucose uptake into retroperitoneal VAT was an increase in the expression of the glucose transporter gene, Glut4.
Of interest, whilst the effect of replacing the AR in the bone marrow PCs of Global-ARKO mice to decrease fat accumulation was highly significant for both WAT and VAT depots, this effect was more marked in retroperitoneal VAT than subcutaneous WAT as implied by the magnitude of the decrease in fat mass (52% WAT vs 83% VAT compared to WT) and the substantially higher number of adipogenenic and metabolic genes regulated in VAT compared to WAT. This is consistent with the higher rates of energy, glucose and lipid metabolism documented for retroperitoneal VAT that inguinal WAT in rodents (Sackmann-Sala et al. 2012) . It is therefore likely that the marked decrease in VAT, rather than WAT, in the PC-AR Gene Replacements is responsible for their improved metabolic profile, particularly given it is well established that increased VAT accumulation is associated with metabolic disease ).
The average cross-sectional area of adipocytes within the bone marrow was increased in Global-ARKOs. Replacement of the AR in bone marrow PCs of GlobalARKOs in PC-AR Gene Replacement mice restored the size and number of adipocytes within the bone marrow to WT control levels. These data are consistent with previous observations in human bone marrow PCs in vitro of an action of androgens to inhibit the differentiation of bone marrow mesenchymal PCs into adipocytes via an AR-dependent pathway (Gupta et al. 2008 , Benvenuti et al. 2012 . Furthermore, it has also been reported that adipogenesis is increased and osteogenesis is decreased in PCs derived from bone marrow of Global-ARKO mice in vitro (Huang et al. 2013 ) whilst conversely, bone marrow adipogenesis is reduced in Col3.6AR-tg mice (Semirale et al. 2011) . Consistent with increased osteogenesis within the bone marrow of the PC-AR Gene Replacement was the upregulation of Runx2 expression, a transcription factor critical for osteoblast differentiation, in addition to our previous report of increased trabecular bone formation in PC-AR Gene Replacement males (Russell et al. 2015) . These data have important implications for hypogonadal patients as compared to the other fat depots, bone marrow adipose tissue (BMAT) is significantly associated with skeletal health. Although studies on the function of BMAT is limited, it is clear that increased BMAT is associated with decreased bone mineral density in ageing and following the menopause (Hardouin et al. 2016 , Suchacki et al. 2016 ).
The precise mechanism by which androgens exert their effects via the AR in bone marrow PCs to negatively regulate fat mass remains to be determined. The normalisation of bone marrow adipogenesis observed in the PC-AR Gene Replacement mice is consistent with a role for androgens acting via the AR to divert their differentiation away from the adipocyte lineage towards the bone lineage. Whilst AR transgene expression was undetectable in WAT and VAT of adult PC-AR Gene Replacements by Q-PCR, this does not rule out the presence of the AR transgene at very low levels in the fat of adult PC-AR Gene Replacements or the possible migration of the bone marrow PCs to adipose tissue pre-natally to influence fat deposition in these mice. Since it has been shown that the migration of mesenchymal precursor cells from the bone marrow into peripheral tissues is extremely low in irradiated mice (Tomiyama et al. 2008) , together with the recent identification of osteokines that can regulate aspects of energy metabolism, an alternative action of androgens via the AR within bone marrow PCs, therefore, may be to regulate the secretion of osteokines, which are then released into the circulation to negatively regulate fat mass. To investigate this possibility, we measured the gene expression levels of the known osteokines, osteocalcin and osteoprotegerin in whole bone and bone marrow of PC-AR Gene Replacements, which were determined not to differ between PC-AR Gene Replacements and Global-ARKO controls. Unfortunately, the large volume of serum required for the accurate measurement of undercarboxylated osteocalcin, the form of osteocalcin responsible for mediating its metabolic effects, precluded its measurement in the current study. Whilst these findings do not rule out the possible involvement of these osteokines in mediating the decreased fat mass in the PC-AR Gene Replacements, it suggests that they are unlikely candidates. Further investigation into the possibility of circulating factor/s being responsible for mediating the negative regulation of fat mass in the PC-AR Gene Replacement mice is therefore warranted.
It is likely that the actions of the AR in bone marrow PCs to markedly reduce subcutaneous WAT and retroperitoneal VAT accumulation in the PC-AR Gene Replacements originate during development as expression of the AR in bone marrow PCs occurs when the type 1a1 collagen 3.6kb promoter is expressed from embryonic day 8 (Lengner et al. 2006) . Importantly, however, we have previously shown that the actions of the AR in bone marrow PCs to decrease fat mass also plays a significant role to reverse the increase in fat accumulation that occurs following orchidectomy in both adult male and female PC-ARtg mice overexpressing the AR in bone marrow PCs ). These data demonstrate that body composition remains linked to bone marrow PCs in the adult, indicating a potential therapeutic benefit of targeting these cells or the bonederived factor/s secreted by these cells for the treatment of obesity in both children and adults.
It is well established that global deletion of the AR in male mice results in decreased hind-limb muscle mass, with this positive regulation of hind-limb muscle mass by androgens being mediated somewhat surprisingly by the AR in the brain and not via the AR in satellite cells, myoblasts or myocytes (Chambon et al. 2010 , Dubois et al. 2014 , Rana et al. 2016 , Davey et al. 2017 . Of significant interest in the present study was the observation that restoration of AR signalling in bone marrow PCs resulted in a further reduction in the mass of the Gast hind-limb muscle in the PC-AR Gene Replacement mice, following correction for body weight. These data are difficult to reconcile, given that androgens promote the myogenic differentiation of bone marrow PCs (Singh et al. 2003) . Perhaps this action of androgens requires the presence of AR signalling in other target tissues, which is absent in the PC-AR Gene Replacements. Nonetheless these data are intriguing and require further investigation.
This study provides significant new data identifying a role of androgens acting via the AR in bone marrow PCs to negatively regulate fat mass, however it is not without its limitations. The marked decrease in subcutaneous WAT and retroperitoneal VAT mass in PC-AR Gene Replacement mice compared to WT mice is a significant finding that warrants further investigation. It is possible that this is due to either an over-expression or an increased activation of the AR transgene in the bone marrow PCs of the PC-AR Gene replacement mice or could be the result of the AR only being expressed in bone marrow PCs, whilst it is absent in all other tissues. DXA analysis was not available for this study but could provide valuable information relating to wholebody composition, particularly considering the low body weight of the PC-AR Gene Replacement mice. Furthermore, characterisation of the PC-AR Gene Replacement mice at an older age is also likely to generate significant data as AR signalling has been reported to be important in the development of late-onset obesity (Fan et al. 2005 , Lin et al. 2005 , Rana et al. 2011 . Lastly, whilst we have determined that serum testosterone levels in the PC-AR Gene Replacement mice do not differ significantly from WT mice, insufficient serum volume precluded the analysis of other metabolites such as oestradiol, which could prove to be informative.
In conclusion, our data provide the first evidence for an action of androgens via the AR in bone marrow PCs to negatively regulate WAT and VAT fat accumulation and improve metabolic function. These findings in our unique PC-AR Gene Replacement mouse model provide a significant advancement in our understanding of how androgens acting via the AR negatively regulate fat mass and is the first, but crucial step towards identifying potential therapeutic targets for the treatment of obesity.
